The neurobiological bases of social learning, by which an animal can 'exploit the expertise of others' and avoid the disadvantages of individual learning, are only partially understood. We examined the involvement of the dopaminergic system in social learning by administering a dopamine D1-type receptor antagonist, SCH23390 (0.01, 0.05, and 0.1 mg/kg), or a D2-type receptor antagonist, raclopride (0.1, 0.3, and 0.6 mg/kg), to adult female mice prior to socially learning a food preference. We found that while SCH23390 dose-dependently inhibited social learning without affecting feeding behavior or the ability of mice to discriminate between differently flavored diets, raclopride had the opposite effects, inhibiting feeding but leaving social learning unaffected. We showed that food odor, alone or in a social context, was insufficient to induce a food preference, proving the specifically social nature of this paradigm. The estrous cycle also affected social learning, with mice in proestrus expressing the socially acquired food preference longer than estrous and diestrous mice. This suggests gonadal hormone involvement, which is consistent with known estrogenic regulation of female social behavior and estrogen receptor involvement in social learning. Furthermore, a detailed ethological analysis of the social interactions during which social learning occurs showed raclopride-and estrous phase-induced changes in agonistic behavior, which were not directly related to effects on social learning. Overall, these results suggest a differential involvement of the D1-type and D2-type receptors in the regulation of social learning, feeding, and agonistic behaviors that are likely mediated by different underlying states.
INTRODUCTION
Social learning, an adaptive, biologically significant type of learning in which an animal's behavior is influenced by observation or interaction with another (Heyes, 1994) , allows animals to avoid potentially costly trial-and-error learning (Galef and Laland, 2005) . Social learning has been described in numerous wild and laboratory animal species (Choleris and Kavaliers, 1999; Galef and Laland, 2005) , and is often tested with the social transmission of food preferences (STFP) paradigm (Galef et al, 1984) . In this paradigm, social learning is observed when, during a brief interaction with a conspecific who has just eaten a novel diet, an 'observer' (OBS) can acquire olfactory information about food eaten by a conspecific 'demonstrator' (DEM) by sniffing the DEM's mouth area . Specific neurons in the olfactory system (Munger et al, 2010) detect carbon disulfide, a semiochemical product of digestion needed for the social learning of a food preference Heyes and Durlach, 1990) , so investigation of the DEM's mouth area is critical for STFP in rats (Galef and Stein, 1985) and mice (Valsecchi and Galef, 1989) .
Rather than just socially increasing the salience of the food-related stimulus, the OBS may develop an actual preference for its DEM's food (Heyes and Durlach, 1990) , as the OBS eat more of the DEM food in a choice paradigm, and display hedonic responses to the DEM food in the taste reactivity paradigm (Galef et al, 1997) . Classical appetitive conditioning predicts that social learning involves a positive and rewarding state associated with the social interaction, and that a non-rewarding social context would produce less or no learning. This is consistent with the elimination of STFP in strange gerbils, who display heightened aggression (Valsecchi et al, 1996) , and STFP's reinstatement by aggression-reducing anxiolytic drug chlordiazepoxide (Choleris et al, 1998) . Dopamine (DA) has been implicated in various types of learning, likely through actions on synaptic plasticity (Calabresi et al, 2007) and/or motivation (Wise, 2006) . Acting through its D1-type (D1 and D5) and D2-type (D2, D3, and D4) receptors, DA mediates learning about novel flavors and spontaneous flavor preferences Cooper, 1988, 1989; Sills et al, 1998) , such that the two DA receptor (DAR) types are similarly involved in the former, but affect the latter differently (Rusk and Cooper, 1988 , 1994 Yu et al, 2000a, b; Baker et al, 2003; Cooper and Al-Naser, 2006) .
The dopaminergic system mediates several motivated behaviors (Berridge, 2007) . For example, optimal levels of DA function are needed for normal feeding behavior (Wise, 2006) and normal social behavior. Systemic administration of both DA agonists and antagonists can reduce feeding (Bednar et al, 1995; Szczypka et al, 1999) , and DAR and DA-deficient mice work less for and eat less of a palatable or preferred food (Szczypka et al, 1999; Wise, 2006) , while DA-overexpressing mice show increased consumption of and responding for a rewarding, palatable food (Pecina et al, 2003; Cagniard et al, 2006) . DA and DAR are also involved in social behavior, from affiliative social bonding (Wang et al, 1999; Gingrich et al, 2000; Curtis et al, 2006; Aragona et al, 2006) to aggressive behavior (Cabib et al, 2000) , and both DAR types affect locomotor and social aspects of social reactivity (Puglisi-Allegra and Cabib, 1988; Gendreau et al, 1997 Gendreau et al, , 2000 Gariepy et al, 1998) . DA's involvement in feeding behavior, expression of spontaneous food preferences, development and maintenance of acquired flavor preferences, and aspects of social behavior make the dopaminergic system a good candidate for involvement in STFP. Indeed, OBS mice in which the DA transporter (DAT) has been eliminated ('knocked out,' KO) preferred the food not eaten by their DEM, suggesting a reversal of social learning (Rodriguiz et al, 2004) . In the present study, we administered D1-type or D2-type DAR antagonists prior to STFP. A detailed ethological analysis, performed on the social interactions during which STFP occurs, allowed us to assess effects of the two drugs on social and non-social aspects of the mice's behavior ; effects on feeding were also analyzed. Due to our recent finding that estrogen receptor (ER)-a blocked and ER-b prolonged the preference for the demonstrated food in female mice in STFP , and DA's known estrous-cycle-related natural fluctuations (Thompson and Moss, 1997) , the mice's estrous cycle was monitored and its involvement in STFP was assessed. Separate control experiments also assessed the specificity of STFP and any drug effects.
MATERIALS AND METHODS

Animals
Experimentally naive, 3-to 4-month-old, CD-1 female mice (Charles Rivers, QC, Canada) were housed in same-sex pairs in clear polyethylene cages (26 Â 16 Â 12 cm 3 ), provided with corncob bedding, environmental enrichment (plastic containers), paper nesting material, and food (Purina rodent chow) and tap water ad libitum, and allowed at least 1 week to adjust to the colony room before testing. The colony room was kept at 21 ± 11C, under a 12 : 12-h light/dark cycle (lights on at 2000 hours). One mouse per dyad was ear punched for permanent identification. After being OBS in the STFP, several non-drug-treated mice were re-utilized as DEM. This research was conducted in accordance with the regulations of the Canadian Council on Animal Care and approved by the Institutional Animal Care and Use Committee of the University of Guelph.
Materials
In the STFP, DEM feeding occurred in clear polyethylene cages (26 Â 16 Â 12 cm 3 ), with a 5-cm high, 7.5-cm wide cylindrical jar (Dyets, Bethlehem, PA) fitted with a stainless steel ring (2.5 cm diameter) and sleeve collar to prevent spillage. For olfactory exposure to the diets in the individual learning and social context paradigms, 5.5 cm mason jars (6.5 cm diameter), which had wire mesh (0.5 cm grid) fitted into their screw-on lids were used. Binary choice tests in the STFP, individual learning, and social context paradigms occurred in 31 Â 23 Â 24 cm 3 DietMax clear acrylic cages (Accuscan Instruments, Columbus, OH) with stainless steel grid floors. One side of each cage held two Plexiglas tunnels (5.5 Â 3.75 Â 3 cm 3 ) leading to two 6 Â 4 Â 2.5 cm 3 feeding trays, each on a scale (AND, Bradford, MA) connected to a DietMax analyzer and Dell computer that stored each scale's reading every 1.5 s. Water bottles were located equidistantly between the two feeding stations. In the flavor recognition paradigm, commercial cotton swabs placed in a bent 17 Â 2 cm 2 piece of wire mesh (from commercial fine-mesh stainless steel colanders) were used. At the end of each experiment, all equipments were washed with unscented soap (Alconox) and baking soda, then paper and air dried.
testing, then weighed, transferred to the experimental room, food deprived, and left undisturbed for 12-14 h. One mouse from each dyad was designated DEM and the other OBS. Early in the dark active phase, DEM were placed for 1 h in clean cages with one jar containing either the COC or the CIN diet, and then DEM were returned to home cages and left to interact, undisturbed, with their respective OBS for 30 min. Immediately after social interaction, OBS were moved to testing cages and given a 24 h choice between the COC and CIN diets, during which both diets were continuously available. In two separate experiments, OBS received a 10 ml/kg intraperitoneal injection of either SCH23390 (0.01, 0.05, or 0.1 mg/kg) or raclopride (0.1, 0.3, or 0.6 mg/kg) 15 or 20 min, respectively, prior to the interaction with their DEM during which social learning occurs. In each experiment, two additional groups of OBS were either injected with saline solution or received no injection (untreated group). In both experiments, only those OBS whose DEM's food consumption was at least 0.1 g were kept in the data pool (final group sample sizes are in Figures 1 and 2 ). All social interactions were videotaped (8 mm Sony Handycam) for behavioral analysis. A trained investigator unaware of the OBS's treatment scored the videotapes using specific software (The Observer, Noldus, The Netherlands). The behavioral elements collected from the OBS, described in Supplementary Table S1 in Supplementary Information, included measures of social investigation (active sniffing of DEM), horizontal and vertical activity (not in relation to the DEM), anxietyrelated behaviors (stretched approaches; Blanchard et al, 1993; Choleris et al, 2003; Clipperton et al, 2008) , and other active (eg, digging in bedding) and non-active behaviors (eg, sitting). Variables calculated from groups of behavioral elements (Supplementary Table S2 in Supplementary Information) provided general assessment of mice's activity, social and aggressive motivation, and dominance status.
Control study paradigms. Social Context Learning This paradigm was as the STFP described above, except that the DEM ate unflavored ground rodent chow, and jars containing either COC (n ¼ 10) or CIN (n ¼ 12) diets, covered with wire mesh to prevent consumption, were placed in the cages during the social interaction. Twenty-two dyads of untreated mice were tested in this paradigm, in which OBS were exposed to the COC or CIN diet in a social context, except that diet odor was not carried by the DEM. Behavioral data were collected from the videos of six randomly chosen mice.
Individual Learning Thirty-one single-housed, untreated females were tested as described above, except that their 30 min exposure to a jar containing either COC (n ¼ 15) or CIN (n ¼ 16) flavored diet took place without social interaction. Behavioral data were collected from the videos of six randomly chosen mice.
Flavor Recognition Twenty-three single-housed mice received five consecutive tests in home cage. In the first four habituation tests, a cotton swab dipped in tap water and one of the two flavored diets was covered with fine wire mesh and lowered into the cage through gaps in the lid. In the fifth (dishabituation) test, the swab carried the other odor. The 'meshed' swab was held with a commercial plastic clothespin on top of the cage's lid and left in place for 5 min. Half of the mice received CIN during the four habituation tests and COC in the dishabituation test, while the other had the reverse. Fifteen minutes prior to testing, mice received a 10-ml/kg intraperitoneal injection of either 0.1 mg/kg SCH23390 (n ¼ 10), saline solution (n ¼ 8), or no injection (n ¼ 5). The drug dose was chosen because it affected social learning. A trained investigator, 2 m away from the cage, used two stopwatches to measure latency and duration of mouse investigation of the swab.
Estrous phase determination. One hour prior to the learning experiments and immediately after the flavor recognition paradigm, vaginal smears were taken from OBS and DEM mice. Methylene blue-or giemsa-stained (Sigma-Aldrich) microscope slides were analyzed under a microscope ( Â 100). Proestrus consisted of a predominance of nucleated epithelial cells, with few leukocytes or cornified epithelial cells; estrus was predominantly cornified epithelial cells, with few faded nucleated epithelial cells; diestrus consisted of a predominance of leukocytes, with occasional cornified or nucleated epithelial cells .
Statistical analyses. Consumption of each diet in the choice tests was calculated at 2 h intervals. OBS choice data were expressed as arcsine transformed CIN preference ratiosFthe amount of CIN diet eaten divided by the total food consumed (CIN/(COC + CIN)). Both the CIN preference ratio and the total amount of food eaten by each OBS (COC + CIN) at each 2 h interval were analyzed with mixed-design analyses of variance (ANOVAs). In the two STFP studies, main factors were DEM's food (COC and CIN), drug treatment (untreated, saline, 0.01, 0.05, or 0.1 mg/kg of SCH23390, or 0.1, 0.3, or 0.6 mg/kg of raclopride), and estrous phase of OBS and DEM (proestrus, estrus, and diestrus). CIN preference and total food consumption data from the individual and social context learning paradigms were also analyzed with mixed-model ANOVAs with pre-exposed diets (COC and CIN) and estrous phase as main factors. In all learning paradigms, time (the 2 h intervals) was the repeated measure. Data from the flavor recognition paradigm were also analyzed with a mixed-model ANOVA, with habituation flavor (COC and CIN), treatment (0.1 mg/kg SCH23390, saline, untreated), and estrous phase as main factors and test (1-5) as the repeated measure.
An additional analysis was run on the pooled data of the untreated groups from the two pharmacological studies. A mixed-design ANOVA assessed the effects of demonstrated food and OBS and DEM estrous phase on the CIN preference ratio of the OBS mice in the social learning paradigm.
Duration and frequency of the various individual and grouped behaviors collected from the social interactions were expressed in 5 min intervals over the 30-min social interaction. Behavior data were ln transformed when needed to achieve normality and analyzed with mixeddesign ANOVAs similar to those used for the CIN preference scores. When normality could not be achieved, data were analyzed with the Kruskal-Wallis and MannWhitney U non-parametric tests. Group mean comparisons were planned a priori in all ANOVA models. Because analyses of the duration, frequency, and latency of the various behaviors provided mostly consistent results, only the durations are reported below; other analyses are reported only when meaningfully different. Throughout, all reported drug effects are in comparison with salinetreated mice.
Main models used a ¼ 0.05 as the criterion for significance and the Greenhouse-Geisser correction for repeated measures was applied. Selected contrasts were planned a priori in the ANOVA model and protected against type I error for multiple comparisons with appropriate adjustments of a-levels based on differences in variance and sample size. Analyses were performed with Statview (SAS Institute, Cary, NC) and SuperANOVA (Abacus Concepts, Berkeley, CA) statistical packages.
RESULTS
Social Learning Study: Effects of the D1-Type Antagonist, SCH23390, on Social Learning and Feeding
The ANOVA run on the CIN preference ratios revealed main effects of treatment (F(4, 21) ¼ 4.24, po0.025) and OBS estrous phase (F(2, 12) ¼ 6.20, po0.016; see Figure 1 ). Mean comparisons revealed no further effect of the OBS estrous phase, likely because of the small number of mice at any given phase for each treatment group. Mean comparisons did show that SCH23390 blocked STFP independently of the phase of the estrous cycle (Figure 1a -e). In the first 2 h interval, the food eaten by their DEM significantly affected the OBS' CIN preferences in the untreated (F(1, 22) ¼ 6.80, po0.010), saline injected (F(1, 23) ¼ 9.74, po0.0023) and 0.01 mg/kg SCH23390-treated mice (F(1, 24) ¼ 5.25, po0.024). In the 0.05-mg/kg SCH23390 group, this only approached statistical significance At all other time intervals, there was no effect of the DEM food on the CIN preferences of the OBS of any of the groups. The ANOVA run on the food intake of the OBS showed no effects of treatment (Figure 4a ), but revealed a significant main effect of OBS estrous phase (F(2, 75) ¼ 4.25, po0.018; data not shown) as well as significant OBS estrous phase Â treatment (F(8, 75) ¼ 2.75, po0.017) and OBS estrous phase Â time interactions (F(22, 825) ¼ 2.12, po0.002). Mean comparisons revealed no further significances of the OBS estrous phase in relation to the various groups of treatment, but did show an effect of the OBS estrous phase on OBS food intake, independent of treatment. In the first 2 h of testing, which is when all mice ate the most food (Figure 3a) , diestrous mice ate significantly more than mice in estrus (F(1, 103) ¼ 4.98, po0.028) and proestrus (F(1, 85) ¼ 4.15, po0.045). At 4 h of testing, mice in estrus ate significantly less than those in diestrus (F(1, 103) ¼ 15.37, po0.0002) and proestrus (F(1, 107) ¼ 5.23, po0.025). There were no effects of the OBS estrous phase on the amount of food eaten at the other time intervals except for the last 2 h interval (from 22 to 24 h), when the next-day dark active phase of the mice began and their feeding behavior resumed. At this point, again, diestrous mice ate more than proestrous (F(1, 85) ¼ 14.71, po0.0003) and estrous mice (F(1, 103) ¼ 3.58, po0.062).
Social Learning Study: Effects of the D2-Like Antagonist, Raclopride, on Social Learning and Feeding
The ANOVA run on the CIN preference ratios revealed a significant treatment Â DEM food Â time interaction Figure 2 Percent of cinnamon (CIN) diet consumed over the total food intake by the observer female mice across all phases of the estrous cycle that had received either no treatment (a), saline solution (b), or the D2-type antagonist raclopride at 0.1 mg/kg (c), 0.3 mg/kg (d) or 0.6 mg/kg (e) 20 min prior to a 30-min social interaction with a demonstrator (DEM) female mouse that had just consumed either a 2% cocoa (COC, black circle) or a 1% CIN (white square) flavored diet. CIN preferences are shown at 2, 4, 6, and 8 h from the beginning of testing. **po0.001; *po0.01; po0.05 in the comparison between the COC DEM and CIN DEM observers. Dopamine receptors, estrous cycle, and social learning E Choleris et al (F(33, 143 ) ¼ 1.818, po0.0089) and a trend for a treatment Â DEM food interaction (F(3, 143) ¼ 3.21, po0.059). Mean comparisons (Figure 2) Thus, while raclopride at all doses did not affect social learning, merely receiving a saline injection did reduce the duration of the STFP expression in female mice.
The ANOVA run on the food intake of the OBS revealed significant main effects of treatment (F(4, 737) ¼ 6.11, po0.0003) and time (F(11, 737) ¼ 59.03, po0.0001) as well as a significant treatment Â time interaction (F(44, 737) ¼ 2.27, po0.0001; see Figure 4b ). Two hours Observers that had received no treatment (black circle), saline solution (white circle), raclopride at 0.1 mg/kg (black square), 0.3 mg/kg (white square), or 0.6 mg/kg (black triangle) 50 min prior to testing. (c) Observers that had received no treatment, combined from the two pharmacological studies, and were in proestrus (black circle), estrus (white square), or diestrus (black triangle) on the day that testing begun. **po0.001 in the comparison between the raclopride-treated mice (at all three doses) and the saline-treated group.
after the beginning of testing, the OBS treated with all three doses of raclopride ate significantly less than OBS that had received saline (0.1 mg/kg: F(1, 47) ¼ 26.48, po0.0001; 0.3 mg/ kg: F(1, 47) ¼ 31.37, po0.0001; 0.6 mg/kg: F(1, 47) ¼ 10.86, po0.0014). Beyond the 2 h time point, there were no effects of raclopride on food intake. In this study, there were also no effects of the phase of the estrous cycle on the mice's feeding behavior, and the saline and untreated groups did not differ in their food consumptions.
Social Learning Studies in Untreated Mice: Effects of the Estrous Cycle on Social Learning and Feeding
The ANOVA run on the preference for the CIN food in the untreated mice from both the SCH23390 and raclopride experiments revealed a significant interaction between phase of the estrous cycle of the OBS and food preference over time (F(2, 22) ¼ 2.706, po0.0015; see Figure 3 ). In the proestrous females (Figure 3a) , the food eaten by the DEM affected the OBS' CIN preference for a total of 8 h (2 h: F(1, 14) ¼ 10.53, po0.0059; 4 h: F(1, 14) ¼ 5.06, po0.041; 8 h: F(1, 14) ¼ 7.71, po0.018). The effect of the food eaten by the DEM on the estrous females' CIN preference (Figure 3b ) was only marginally significant and lasted for 4 h (2 h: F(1, 10) ¼ 4.58, po0.058; 4 h: F(1, 10) ¼ 4.42, po0.061), half as long as it lasted in the proestrous OBS. In the diestrous females (Figure 3c ), the effect of the DEM food on the CIN preference was highly significant at 2 h (F(1, 7) ¼ 13.16, po0.0084), and still approached significance 6 h after the beginning of test (F(1, 7) ¼ 4.2, po0.080). The total intake of the mice was not affected by their stage of the estrous cycle (Figure 4c ).
Social Learning Study: Effects of the D1-Type Antagonist, SCH23390, the D2-Like Antagonist, Raclopride, and the Phase of the Estrous Cycle on Behavior During the Social Interactions
The results of these analyses are reported in detail in the online Supplementary Material. Briefly, we found that, while both drugs reduced the overall activity of the mice during the social interactions, there were differences in the type of behaviors affected. SCH23390 affected predominantly nonsocial aspects of the mice's behavior (Supplementary Figure  S1 in Supplementary Information), while raclopride affected both social and non-social aspects of behavior (Supplementary Figure S2 in Supplementary Information). SCH23390 reduced total activity without affecting overall time engaged in social behavior, compensating for an increase in the time the mice spent in social inactivity with a reduction in active social investigation of the body of the DEM. Thus, it appears that the overall motivation to interact with a familiar conspecific was unaffected by SCH23390 and that its inhibitory effects on social learning may be directly on learning mechanisms, rather than on social motivation. Raclopride, instead, reduced both social investigatory (oronasal and body investigation) and agonistic behaviors initiated by the treated mouse in a manner that resulted in an overall reduction of the OBS's dominance over the DEM (Figure 5b ; Supplementary Figure S2 in Supplementary Information). Thus, raclopride may have affected the specific motivation underlying social agonistic behavior over and above its nonspecific effects on activity and without affecting social learning.
The behavior during the social interactions in the pooled untreated groups from the two social learning studies was affected by the estrous phase of both mice. We found that overall levels of activity were lower when either the OBS or the DEM were in diestrus (Supplementary Figure S3A in Supplementary Information). This effect was predominantly reflected in a reduction in non-social active behaviors Figure 5 Oronasal investigation (in seconds) of the demonstrator by the observer female mice in all phases of the estrous cycle during the 30-min social interaction with their demonstrator. In (a), observer mice had received either no treatment (n ¼ 23) or an intraperitoneal injection of either saline vehicle (n ¼ 25) or the D1-type antagonist SCH23390 at 0.01 mg/kg (n ¼ 25), 0.05 mg/kg (n ¼ 24), and 0.1 mg/kg (n ¼ 26). In (b), observer mice had received either no treatment (n ¼ 8) or an intraperitoneal injection of either saline vehicle (n ¼ 20) or the D2-type antagonist raclopride at 0.1 mg/kg (n ¼ 19), 0.3 mg/kg (n ¼ 20), and 0.6 mg/kg (n ¼ 19). In (c) the pooled untreated observer mice from (a) and (b) were either in diestrus (n ¼ 6), proestrus (n ¼ 13), or estrus (n ¼ 10) on the day of testing. **po0.001; *po0.01; po0.05; in comparison to the saline-treated control group.
(horizontal and vertical exploration) and a parallel increase in non-social inactivity (solitary inactivity). While social behavior, overall, was not affected by the estrous phase (Supplementary Figure S3C in Supplementary Information), agonistic behavior was selectively affected: diestrous OBS showed a reduced dominance score (Supplementary Figure  S3B in Supplementary Information) due to increased amounts of agonistic behavior received from the DEM.
Control Studies
In the social context and individual learning studies, the analyses performed on the CIN preference ratios showed no statistically significant effects, indicating that the food choices of the mice were not affected by prior olfactory exposure to one of the two flavored diets alone or in the context of a social interaction with a conspecific that has not consumed a flavored diet (Figure 6a and b) . As well, the phase of the estrous cycle of OBS and DEM did not affect the mice food choices in these control studies. The fooddeprived mice in both experiments showed high levels of investigation of the meshed top of the food-containing jar (individual learning experiment mean ¼ 516 s, SE ¼ 100.6; social context experiment mean ¼ 579 s, SE ¼ 53.9). In the social context study, this was greater than the time the mice spent engaged in social interactions (mean ¼ 225 s, SE ¼ 76.7), including oronasal investigation (mean ¼ 78 s, SE ¼ 20.3). Social and flavor investigations were comparable to those observed in the social learning paradigms, suggesting that the lack of food preference learning in these two control studies was not due to reduced social motivation or lower exposure to the food odor.
In the flavor recognition study, the ANOVA run on the time spent investigating the flavored swab revealed a statistical trend for the repeated measure time (F(4, 36) ¼ 2.28, po0.080). Planned mean comparisons showed that in all three groups of treatment, the mice had a normal habituation-dishabituation response (Figure 6c) . At test 4, they all investigated the swab less than at test 1 (untreated: F(1, 9) ¼ 5.59, po0.02; saline: F(1, 15) ¼ 7.10, po0.01; 0.1 mg/kg SCH23390: F(1, 19) ¼ 11.34, po0.002), indicating that they all habituated to the repeatedly presented flavor. Mice of all three groups at test 5 showed greater swab investigation than at test 4 (untreated: F(1, 9) ¼ 4.91, po0.04; saline: F(1, 15) ¼ 14.49, po0.0007; 0.1 mg/kg SCH23390: F(1, 19) ¼ 14.92, po0.0004), revealing that they all had a dishabituation response when the swab carried a novel flavor. This indicated that the dose of SCH23390 that blocked the STFP did not impair the mice's capabilities to discriminate between the two flavored diets (COC or CIN). Treatment, phase of the estrous cycle, and habituated flavor did not affect the mice's habituationdishabituation responses, with neither the factors in the main model nor the planned mean comparisons revealing any statistically significant results.
DISCUSSION
In the present study with female mice, we found that while blocking the DA D1 receptor with SCH23390 dosedependently inhibited social learning (Figure 1 ) without affecting feeding behavior per se (Figure 4a ), blocking the DA D2 receptor with raclopride had the opposite effects: it did not affect social learning (Figure 2) , while it inhibited feeding behavior (Figure 4b ). This suggests that the STFP is Figure 6 Percent of cinnamon (CIN) diet consumed over the total food intake by the female mice that had received no treatment and were exposed to the odor of either a 2% cocoa (COC, black circle) or a 1% CIN (white square) flavored diet for 30 min either individually (a), or while interacting with another female mouse that had just consumed an unflavored diet (b). CIN preferences are shown over an 8 h test at 2 h intervals. In (c), the time (in seconds) that the mice spent investigating the extreme of a cotton swab covered with either a 2% cocoa (COC) or a 1% CIN flavored diet over five tests (T1-T5) with 5 min exposures. Fifteen minutes prior to T1, the mice either received no treatment (white circles), an intraperitoneal injection of saline solution (white triangles), or the D1-type antagonist SCH23390 at 0.1 mg/kg (black square). Over T1-T4, the mice could habituate to one of the two flavored diets. At T5, the mice received the flavored diet to which they had not habituated. *p in all three groups, significantly different from both T1 (habituation) and T5 (dishabituation); po0.01 for the saline and SCH23390 at 0.1 mg/kg groups. po0.05 for the untreated group.
Dopamine receptors, estrous cycle, and social learning E Choleris et al mediated by the D1-type, while food consumption is mediated by the D2-type receptors. Conversely, aspects of social interactions that are related to dominance hierarchies and agonistic behaviors between familiar female mice appear to be mediated more by D2-type than D1-type receptors. The estrous cycle also affected social learning, as mice in proestrus expressed the socially acquired food preference for a longer time than mice in estrus and diestrus ( Figure 3) . As well, mice in the non-reproductive phase (diestrus) were less active and performed less agonistic behavior. The ethological analysis of the social interactions ( Figure 5 ; Supplementary Figure S1 -S3 in Supplementary Information) and the results of targeted control studies (Figure 6 ) further demonstrated the exquisitely social nature of the STFP learning paradigm in mice. These control assessments also allowed the possibility that the observed drug effects were either due to sensory impairments (Figure 6c ), or were due solely to effects on the overall activity levels of the mice (Supplementary Figures S1-S3 in Supplementary Information), to be ruled out.
Effects of the Dopaminergic D1-Type and D2-Type Antagonists SCH23390 and Raclopride
The differential effects of SCH23390 (inhibitory) and raclopride (no effect) on the STFP are in agreement with D1 and D2 receptors having opposing roles in appetitive conditioning (Eyny and Horvitz, 2003) and in line with results showing a role for the D1 (Beninger and Miller, 1998; Smith-Roe and Kelley, 2000; Azzara et al, 2001; Baldwin et al, 2002; Eyny and Horvitz, 2003; Touzani et al, 2008) but not D2 (Bushnell and Levin, 1993) receptor in appetitive learning in non-social learning paradigms. D2-type receptors can act in direct antagonism to the D1-type receptors in learning mechanisms, with D1 activating and D2 inhibiting the regulatory DA and cAMP-regulated phosphoprotein of 32 kDa (DARPP-32; Calabresi et al, 2000; Otani et al, 2003; Calabresi et al, 2007; Nishi et al, 1997; Svenningsson et al, 2004) in glutamate-dependent long-term potentiation of synapses (Nishi et al, 1997; Otani et al, 2003; Svenningsson et al, 2004; Lemon and Manahan-Vaughan, 2006) . A predominance of D2 over D1 effects may explain why increased extracellular DA in DATKO mice reversed the STFP (Rodriguiz et al, 2004) . It is possible that had we used higher doses or a more prolonged treatment with raclopride, we would have observed a similar reversal too. Shortlatency and short-lasting phase bursts of activation of ventral tegmental area DA projections to the hippocampus (El-Ghundi et al, 1999 , 2003 Li et al, 2003; Moncada and Viola, 2007) are believed to foster learning by highlighting novel aspects of a stimulus and/or a response that is contingently or subsequently paired with a reward (Schultz, 2006) . In this view, our findings on the STFP for a novel food item are in agreement with results showing that SCH23390 could block novelty seeking in rats (Peters et al, 2007) and the impaired reversal learning of D1KO mice in both spatial and food rewarded learning (El-Ghundi et al, 1999 , 2003 . Overall, our results with SCH23390 on a hippocampus-dependent learning paradigm (Alvarez et al, 2002; Countryman et al, 2005) support the idea that blocking the D1 receptor impairs the mice's abilities to process novel information, especially when attempting to alter established learned behavior (El-Ghundi et al, 2007) .
The findings that food preference was not developed following exposure to the odor of the food alone (Figure 6a , individual learning study), on a powdered gauze-andcotton-batten surrogate (Valsecchi and Galef, 1989) , or during a social interaction with a conspecific that had not eaten the novel diet (Figure 6b, social context study) , suggest that, like in rats , even in mice the food odor must be carried by the DEM. The inhibitory effects of SCH23390 on social learning (Figure 1 ) cannot be attributed to an effect of the drug on oronasal investigation (Figure 5a ), as SCH23390 affected this behavior in a manner that was not consistent with its effects on social learning: the dose that blocked social learning (0.1 mg/kg) did not affect oronasal investigation, while the dose that reduced this behavior (0.01 mg/kg) did not affect social learning. Interestingly, raclopride, which left social learning unaffected, did reduce oronasal investigation. Hence, even a reduced socially mediated exposure to the novel food is sufficient for the transfer of information. Consistently, we have demonstrated that oronasal investigation is not correlated with the strength of the preference for the DEM food expressed by the OBS . This suggests that the total amount of exposure to the food eaten by the DEM does not directly and linearly determine socially acquired food preferences in a proportional manner (ie, the more the oronasal investigation, the stronger the preference). Rather, there may exist a minimal amount of oronasal investigation that is necessary and sufficient for the STFP to occur in mice.
Conceivably, the impairing effect of SCH23390 on social learning could have been mediated by a sensory impairment. The literature on DA involvement in odor discrimination shows mixed results (Doty et al, 1998; Yue et al, 2004; Pavlis et al, 2006; Smith et al, 1998; Rodriguiz et al, 2004; Kruzich and Grandy, 2004) , possibly because of different olfaction tests used (eg, detection vs discrimination), different ways the DA receptors were manipulated (single or repeated drug administrations, chronic gene KO), or even to species differences (rats vs mice) in the DA system. In the present study, SCH23390 effects on STFP cannot be directly attributed to deficits in flavor discrimination because the same dose that blocked the STFP did not impair the discrimination of the COC and CIN diets in the habituation/dishabituation paradigm (Figure 6c , flavor recognition study).
In the present study, the involvement of the DA system in food preferences and in total intake were pharmacologically dissociable. Blocking the D1-type receptors inhibited only the socially acquired food preference, while blocking the D2-type receptors inhibited only total intake (the combined consumption of the COC and CIN diets; Figure 4 ). The STFP in rats and possibly also in mice involves the formation of an association between the odor of the novel food consumed by the DEM with that of carbon disulfide present in the DEM's breath which is detected by specific neurons in the olfactory system (Munger et al, 2010) . This odor-odor association is reminiscent of the flavor-flavor association investigations (Yu et al, 2000a, b; Baker et al, 2003) , where a novel flavor was paired with a preferred sweet solution. The ensuing conditioned preference could be blocked with both SCH233390 and raclopride (Yu et al, 2000b; Baker et al, 2003) , but only when fructose, not sucrose, was used as the unconditioned stimulus (Baker et al, 2003) , with SCH23390 being somewhat more effective than raclopride. The different results of our study may reflect a species difference (rats vs mice), methodological differences (sweet palatable solutions vs regular rodent chow), differences in the learning paradigms used (eg, high number of training session vs a single training/social interaction), or inherent differences in DA involvement in individually and socially acquired flavor preferences. The findings that when a less palatable sweet solution (fructose) was used, raclopride was less effective than SCH23390 at reducing flavor preferences (Baker et al, 2003) and that D1-type, but not of a D2-type agonist enhanced the consumption of a preferred food (Cooper and Al-Naser, 2006) , are closer to our results and suggests that the use of palatable vs regular food influences the way DA antagonists affect learned food preferences. This may be due to an interaction between the involvement of DA in spontaneous and acquired food preference. Furthermore, SCH23390, but not raclopride, blocked the acquisition of flavor preferences in a flavor-nutrientconditioning paradigm (Azzara et al, 2001 ). This result is more similar to ours, suggesting that the post-ingestive consequences of eating may contribute to the expression of the STFP.
The effects of the two antagonists on feeding behavior per se (the combined consumption of COC and CIN diets) also suggest a differential involvement of the D1-type and D2-type receptors. We found that while SCH23390 had no effects on the OBS's total food consumption (Figure 4a ), raclopride at all doses significantly reduced it (Figure 4b ). That SCH23390 did not affect feeding per se supports the notion that it affected social learning directly, rather than through a generalized inhibition of the primary food motivation of the mice. This is in agreement with others' results showing that D1-type antagonists or genetic disruption of D1 functions disrupt the mice's motivation to work for a palatable food reward, but not their home-cage feeding on rodent chow or sucrose (Salamone et al, 1997 (Salamone et al, , 2001 (Salamone et al, , 2007 . This is reflected in nucleus accumbens DA release increasing in response to acute and intermittent sucrose access, but not when the palatable diet was not novel Di Chiara, 1997, 1999) or available ad libitum (Rada et al, 2005) . As well, DA release did not occur in rats that had ad libitum or intermittent access to the less palatable rodent chow (Rada et al, 2005) . These studies suggest a limited involvement of DA in the ingestion of rodent chow as opposed to more palatable diets.
The raclopride-induced reduction in chow consumption observed in the present study (Figure 4b) is consistent with the results of others that showed the involvement of D2-type receptors in food seeking behavior and in the ingestion of rodent chow (Duarte et al, 2003) as well as with findings showing a link between D2-type receptor polymorphisms and vulnerability to anorexia nervosa (Bergen, 2005) , overeating, and obesity (Levitan et al, 2006; Davis et al, 2008) in humans. It could be argued that the decreased food consumption observed in the raclopride-treated mice in the present study (Figure 4b ) may be secondary to the observed reduction in activity (Supplementary Figure S2A in Supplementary Information). This would be in agreement with previous findings where feeding and motor functions of D2, but not of D1 (El-Ghundi et al, 2003) , were difficult to distinguish (Caine et al, 2002; Yu et al, 2000a) . However, in the present study, raclopride effects on activity were comparable to, if not lower than, those of SCH23390 (Supplementary Figures S1A and S2A in Supplementary Information), which did not cause any reductions in food intake. This suggests that the treated mice were able to reach and consume the food, and that raclopride may have affected feeding specifically. Overall, the different effects of the D1-type and the D2-type antagonists support the idea that optimal levels of dopaminergic activation are needed for normal feeding behavior (Wise, 2006) . This would also explain why systemic administration of both DA agonists and DA antagonists reduced feeding (Bednar et al, 1995; Szczypka et al, 1999) .
The reduction in activity caused by both drugs in the present study (Supplementary Figures S1A and S2A in Supplementary Information) was expected, in view of the known involvement of DA in the motor system (Boutrel, 2008) . However, the effect on activity was relatively small and it did not extend to the commonly reported increases in stereotypical behavior and self-grooming (Cooper and Al-Naser, 2006) . Rather, the low doses used revealed specific effects on either social learning (SCH23390) or on other aspects of social behavior (raclopride). Thus, the low doses used, together with a complete ethological assessment of the mice's interactions, have allowed us to assess specific and differential effects of SCH23390 and raclopride on aspects of behavior, including social learning, social behavior, and feeding, rather than a generalized behavioral disruption.
Effects of the Estrous Cycle
Estrogens have been shown to enhance the activity of the DA system, by both increasing DA release (McDermott et al, 1994; Liu and Xie, 2004) , and decreasing DA reuptake by DAT (Karakaya et al, 2007) . In the present study, the estrous cycle of the OBS did not interact with SCH23390 to affect social learning. This is likely due to the low number of mice in each of the phases of the estrous cycle in each treatment group. However, in the combined untreated mice from the two pharmacological experiments, the expression of the learned food preference (Figure 3 ) lasted twice as long in OBS in proestrus (8 h) as in diestrus (4-6 h) and estrus (2-4 h), despite similar levels of oronasal investigation during the social interaction, when the food preference was acquired (Figure 5c ). Our results are consistent with those reported by Sanchez-Andrade et al (2005) showing that, when tested 24 h after interacting with a DEM, only OBS that were in proestrus on the day of the interaction showed a socially acquired food preference. This suggests that proestrous levels of gonadal hormones, estrogen and possibly even progesterone (Walmer et al, 1992) , facilitate social learning, while their absence inhibits it. Accordingly, in ovariectomized OBS, the socially acquired food preference lasted only 2 h , while highestrogen postpartum rats showed a stronger preference for the DEM food than virgin females (Fleming et al, 1994) . Overall, these results strongly suggest that further studies need to investigate the interplay of DA and gonadal hormones in the regulation of social learning.
Differently from others' results (reviewed in Asarian and Geary, 2006; Fessler, 2003) , we did not observe any effects of the phase of the estrous cycle on total food consumption ( Figure 4c ). This may be due to the fact that the mice in the present study were deprived of food for 12-14 h prior to testing, and the consequent increase in the motivation to eat may have masked any effects of the estrous cycle. Consistently, during the first 2 h of testing, the mice of all groups consumed almost twice as much food as in the following 2 h feeding intervals (Figure 4c) . Alternatively, gonadal hormones may affect food preferences more than feeding behavior per se. Accordingly, estrous cycle or estrogenic drug effects on feeding are often observed when a preferred novel food item is provided to the animals (eg, when sucrose is added to either rodent chow or water; Reddy and Kulkarni, 1999; Fudge et al, 2006 , but see Eckel et al, 2000 . This would explain why we observed an effect of the ovarian cycle on the socially acquired food preferences, but not on feeding behavior per se.
Note on the Effects of the Control Saline Injection
In both social learning studies, we observed a few differences between the untreated and the saline-injected groups. The OBS that had received saline showed a reduction in the duration of the food preference for their DEM food (Figures 1a and 2a) in both experiments. Furthermore, in the SCH23390 social learning experiment, the saline-injected mice showed increased frequency of horizontal activity and decreased frequency of oronasal investigation and agonistic behaviors delivered by the OBS, resulting in a lower dominance score. The reduced duration of the socially acquired food preference may be ascribed to stress-induced impairment in either learning mechanisms (McEwen and Wingfield, 2003) or motivational aspects of learning (via effects on dominance). As the frequency, but not the duration of oronasal investigation, was affected by the saline injection, the total exposure to the food-related cue in the mouth of the DEM was unaffected. This and the lack of correlation between the duration of a socially acquired food preference and oronasal investigation suggest that DEM food exposure does not explain the shorter preference in the saline-treated mice. Similarly, a dominance explanation seems unlikely in that we previously found no correlation between the dominance score and social learning (see discussion in Clipperton et al, 2008) . The increased frequency in horizontal activity and shifting between behaviors may be ascribed to arousal induced by the stress of the injection . Finding that saline injection can affect stress and anxiety-like behavior is neither surprising nor new (Lapin, 1995) . However, in the present study, these effects were not major and do not directly explain our drug treatment results, because these were assessed in comparison with the saline-injected groups.
Conclusions and Outlook
Our results can have implications for the understanding of the impaired social skills and limited control over aggressive behavior shown by individuals affected by neuropsychiatric disorders of the DA system, such as Parkinson's disease, schizophrenia, and attention deficit hyperreactivity disorder (Eyny and Horvitz, 2003) . Our results suggest that disruption in DA functioning may cause an altered perception of stimuli of social origin, which may reflect in inappropriate responses in the social domain. Accordingly, in humans, striatal D2-type levels predict socially desirable responding (Miczek et al, 1994; Steinert et al, 1999; Wright and Klee, 2001; Viggiano et al, 2003) .
A better understanding of the involvement of estrogens and their receptors in aspects of social cognition may inform the development of ER-specific hormone replacement therapy (HRT) for the aging women of the 'baby boom' generation. This may allow the fostering of positive effects, while avoiding negative side effects, of estradiolbased HRTs, including increased risk of breast cancer, cardiovascular disease, and cognitive impairment (Shumaker et al, 2003; Choleris et al, 2008) .
Last, we wish to emphasize the importance of performing comprehensive ethological analyses on behavior (Blanchard et al, 1993; Clipperton et al, 2008; Clipperton-Allen et al, 2010 , 2011 , not to indiscriminately increase the number of data points one collects, but rather, to gain a better understanding of effects and 'side effects' of experimental manipulations. As well, the complexity of social behavior can only be fully understood when different aspects of it are assessed to include various expressions of agonistic and affiliative behaviors, as well as social recognition and social learning (reviewed in Choleris et al, 2009 ).
